This study reports the gains in length of nerves after three different humeral shortenings. Ten brachial plexuses were dissected. The lengths of the different parts of the brachial plexus were measured using a three-dimensional digitizing system after humeral shaft shortenings of 2, 4 and 6 cm and after a standardized force of 0.588 N was used to apply tension to the plexus. The feasibility of nerve suturing was studied. Humeral shortening allowed for significant gains in lengths of the musculocutaneous (42 mm), median (41 mm), ulnar (29 mm) and radial nerves (15 mm). A 2 cm humeral shortening allowed a 2 cm nerve gap to be directly sutured in 70% to 90% of cases. This study suggests that humeral shortening could allow direct suture of nerve defects, or shorten the length of nerve grafts required to bridge a gap.
Introduction
Surgical options for brachial plexus lesions include neurolysis, nerve suture, nerve grafting, nerve transfer, direct root reimplantation and palliative procedures (Andrzejewski et al., 2015; Giuffre et al., 2010; Narakas, 1985; Terzis and Papakonstantinou, 2000) . Nerve suture is the ideal option, but is rarely possible because of the gap between the nerve ends (Bahm et al., 2017) . Humeral shortening could facilitate tensionless nerve suture. This would avoid the use of nerve grafts containing an insufficient number of nerve fibres, having two repair sites and a long period of axonal regeneration with resultant motor plate degeneration. Humeral shortening could allow surgical variants, such as a direct suture of the median nerve on a remaining C5 or C6 root to target the hand, and the use of other nerves such as the intercostal, spinal accessory or even the contralateral C7 to reanimate the elbow and shoulder.
The idea of humeral shortening in brachial plexus surgery is not new. Yu et al. (2003) reported humeral shortening between 13 and 20 cm in patients with total brachial plexus root avulsions, achieving a direct suture of the contralateral C7 root to the median and ulnar nerves. Wang et al. (2013) improved the technique by passing the contralateral C7 root in the prespinal space. A humeral shortening of up to 4.5 cm was used when direct nerve coaptation was not possible. Elbow flexion was not significantly altered by humeral shortening. An anatomical study by Andrzejewski et al. (2015) demonstrated that humeral shortening caused relaxation of the brachial plexus and of the musculocutaneous, median and ulnar nerves, but not of the radial nerve. The nerves, which are relatively fixed in place by their branches, tended to remain in the axilla and did not appear to retract towards the supraclavicular region. In particular, the musculocutaneous nerve limited the possibilities of proximal displacement of the plexus. In their study, no traction was applied on the brachial plexus.
It has been our impression that a slight 'physiological' traction (as is present when suturing) applied to the crimped plexus would allow better gain in length. The first aim of this study was to measure the gains in length of the brachial plexus after humeral shortening, under low axial traction, and to identify in which anatomical region these gains take place. The second was to assess the possibility of nerve suturing after resection of nerve segments. The last was to create a three-dimensional (3-D) model of the brachial plexus, to visually demonstrate the changes that occur during humeral shortening.
Methods
Five intact fresh-frozen specimens obtained from our body donation programme were used. After 48 hours thawing at 18 C room temperature, the right and left upper extremities of each specimen were dissected, enabling the study of ten brachial plexuses. The specimens were kept wet to prevent desiccation throughout the procedure. The head was rotated towards the contralateral side. An L-shaped incision was made along the lateral border of the sternocleidomastoid muscle, carried down across the clavicle and into the deltopectoral groove. After detachment of the coracoid insertion of the pectoralis minor and of the humeral insertion of pectoralis major muscles, the whole brachial plexus, from the roots to the terminal branches, was exposed. The dissection was the most conservative possible. All arteries and veins were preserved.
Fine stitches were used to mark predetermined reference points: one landmark at the visible origin of each root (C5-C6-C7-C8-Th1); one landmark where the roots coalesce to form the superior, middle and inferior trunks; one at the anteroposterior division of each trunk; one at the origins of each collateral and terminal branch; and one at the most distally visible part of the terminal branches (Figure 1 ). Three buttonholes were made in each trunk, allowing the application of a slight axial traction force of 0.196 N (20 grams) on each trunk. This load was chosen after experimental observation that it seemed to compensate for the natural retraction after nerve section. The traction was applied from the contralateral side through a prespinal tube exiting under the scalenus anterior in the axis of the trunk by a system of pulleys and a hanging weight. The proximal diaphysis of the humerus was then exposed, which necessitated section of the lateral head of the triceps and of the tendons of latissimus dorsi and teres major. The circumflex vessels were located and the proximal osteotomy site was marked distal to them. The distal osteotomy site was marked a further 6 cm distally (Figure 2) . A Hoffmann external fixation system was inserted, with two lateral pins in the humeral head and two pins distal to the distal osteotomy mark. The external fixator allowed for the maintenance of humeral rotational alignment throughout the procedure. The fixator and the specimen were then fixed to a support, keeping the upper extremity in 90 of arm abduction and neutral rotation. A FaroArm Ò precision portable coordinate measuring machine (FARO Ò , Lake Mary, FL, USA; Figure 3 ) was fixed on the same support. The humeral osteotomy was then made using a sagittal saw. The FaroArm Ò is a portable coordinate measuring machine using a point or ball probe on an articulating arm that allows the user to collect precise individual 3-D data points of an object in space. All lengths were measured three times by three different observers, one senior researcher (FM) and two medical students (JV and another).
After this preparation, the different steps of the manipulation were standardized and always followed the same predefined order. Each of the following measurements was done three times by the three different observers and the means were used for statistical analysis. First, the 3-D coordinates of the different markers were measured, without humeral shortening, then with 2, 4 and 6 cm humeral shortening obtained by removing cylinders of the humerus. The clavicle was then removed, allowing for the insertion of the last suture landmarks, and the measurements were repeated, without humeral shortening, then with the 3 different states of shortening. The traction system was then applied to each trunk, and a third and fourth set of measurements were made, first without traction, then under axial traction, which was applied 15 minutes before the measurements were done because of the known viscoelastic properties of the peripheral nerves (Driscoll et al., 2006; Kwan et al., 1992; Rydevik et al., 2005; Wall et al., 1992) . Resections of 2, 3 and 4 cm of each trunk were then done to simulate a postganglionic supraclavicular brachial plexus rupture with retraction of the involved structure and to allow the investigation of the feasibility of nerve suture. It was considered acceptable when a senior surgeon (FM), with over 10 years of experience, was able to approximate the two nerve ends without tension, using microsurgical forceps. The feasibility of suturing the nerves was studied without humeral shortening and then under the different degrees of humeral shortening. Each plexus was finally resected and weighed.
Based on the 3-D coordinates, the distances between the various landmarks were measured. Adding these distances enabled the calculation of the total nerve lengths from the roots to the trunks, to the cords and to the origins of the suprascapular, musculocutaneous, median, radial, ulnar and axillary nerves. The results were expressed in 'gains of nerve length', which corresponded to the mean shortening of the nerve, expressed in millimeters. We also checked the inter-and intraobserver variability of measurements, as well as the validity of the calculated lengths, by measuring the same 20 nerve lengths using a precision electronic sliding caliper and the FaroArm Ò . Finally, using the software LHP Fusion Box Ò (LHP Fusion Box Ò , Laboratory of Anatomy, Biomechanics and Organogenesis (L.A.B.O), Université Libre de Bruxelles, Belgium), we could construct 3-D models of each plexus, Figure 2 . Location of the humeral osteotomy. The circumflex vessels were located and the proximal osteotomy site was marked distal to them. The distal osteotomy site was marked 6 cm distally. The Hoffmann external fixation is seen, with two lateral pins in the humeral head and two pins distal to the distal osteotomy mark. Figure 3 . General disposition of the dissection before the measurements. Note the fixation of the upper extremity in abduction, the external fixator allowing humeral shortening, the FaroArm Ò precision portable coordinate measuring device (arrow) and on the contralateral side the pulling device (star).
under the various states of humeral shortening and nerve tension.
An analysis of variance for repeated three factor measurements was done, and a post-hoc Bonferroni test allowed for the detection of statistically significant differences between the different landmarks. The level of significance was set at p < 0.05.
Results
The inter-and intraobserver reproducibility of the measurements was acceptable, with coefficients of variation of, respectively, 0.1 and 0.01. FaroArm Ò length measurements were almost identical to those obtained using the sliding caliper (maximal difference, 1 mm (SD 6)), without any statistically significant differences between the two methods of measurements.
No statistically significant differences in lengths were found between measurements done before clavicular resection, after clavicular resection and after installation of the unloaded traction system.
Humeral shortening allowed for gains of lengths, which were more marked when traction was applied on the trunks. However, after a 6 cm humeral shortening and traction, the gains of length were modest in the proximal part of the plexus (maximum 7 mm for the middle trunk) ( Table 1) . At the level of the cords, the gains of length were also limited (maximum 11 mm for the lateral cord) ( Table 2 ). In contrast, considering the length between the origin of the root and the origin of the peripheral nerve, the gains in length were larger and relatively proportional to the extent of humeral shortening. In particular there was significant lengthening of the musculocutaneous (up to 42 mm), median (up to Table 2 . Effects of humeral shortening and traction on the measured lengths of the brachial plexus (ten specimens). Results for the cords. The data are expressed as mean gain in nerve lengths measured in millimeters with standard deviations in brackets.
Humeral shortening
Humeral shortening and traction Distances 0 cm 2 cm 4 cm 6 cm 0 cm 2 cm 4 cm 6 cm Root C5 -Lateral cord 0 (1.5) 0 (1.5) 2 (1.5) 2 (1.5) 0 (1.5) 0 (1.5) 2 (1.5) 2 (1.5) Root C6 -Lateral cord 0 (1.5) 0 (1.5) 2 (1.5) 2 (1.5) 0 (1.5) 0 (1.5) 2 (1.5) 2 (1.5) Root C7 -Lateral cord 0 (1.5) 3 (1.5) 4 (1.5) 5 (1.5) 1 (1.5) 5 (1.5) 8 (1.5) 11 (1.5) None of the differences were significant. 41 mm), ulnar (up to 29 mm) and radial nerves (up to 15 mm). There was no gain of length for the axillary nerve, and minimal gains for the suprascapular nerve (maximum 4 mm) (Table 3) . In one specimen, the musculocutaneous nerve followed the median nerve and penetrated the coracobrachialis 10 cm distal to the coracoid process. In this specimen, the gains of length were very large for the musculocutaneous nerve (67 mm with 6 cm humeral shortening and traction), and to a lesser extent for the median (62 mm) and the ulnar nerves (54 mm).
Regarding the possibility of suturing simulated trunk ruptures with nerve retraction, we observed that without humeral shortening, no defect equal or more than 2 cm could be sutured. A 2 cm humeral shortening allowed for the suture of 70% to 90% of the trunks, after a nerve resection of 2 cm. Further humeral shortening was needed to suture larger trunk defects, except at the level of the suprascapular nerve where humeral shortening had a limited effect on the superior trunk (Figure 4) . The construction of 3-D models of each plexus allowed visual confirmation that humeral shortening and traction caused gains of length mostly in the distal part of the brachial plexus ( Figure 5 ).
Discussion
The ideal treatment of a postganglionic brachial plexus rupture is direct nerve suture without tension, provided that the proximal nerve stump contains axons (Weber and Mackinnon, 2005) . This could be facilitated by diaphyseal humeral shortening. We found that humeral shortening allowed for marked gains of length, essentially for the distal part of the plexus, particularly for the musculocutaneous, median, ulnar and radial nerves. There were no, or minimal, gains in length for the suprascapular and axillary nerves. Both nerves are anatomically fixed above the osteotomy site, the suprascapular in Table 3 . Effects of humeral shortening and traction on the measured lengths of the brachial plexus (ten specimens). Results for the distal branches. The data are expressed as mean gain in nerve lengths measured in millimeters with standard deviations in brackets.
Humeral shortening
Humeral shortening and traction Distances 0 cm 2 cm 4 cm 6 cm 0 cm 2 cm 4 cm 6 cm (3) 29 (3) Root C5 -Median nerve 0 (6) 0 (6) 12 (6) 21 (6) 1 (6) 4 (6) 22 (6) 37 (6) Root C6 -Median nerve 0 (6) 0 (6) 12 (6) 22 (6) 1 (6) 3 (6) 22 (6) 38 (6) Root C7 -Median nerve 0 (6) 0 (6) 13 (6) 23 (6) 1 (6) 5 (6) 23 (6) 40 (6) Root C8 -Median nerve 0 (6) 0 (6) 15 (6) 22 (6) 1 (6) 2 (6) 25 (6) 41 (6) Root Th1 -Median nerve 0 (6) 6 (6) 15 (6) 23 (6) 1 (6) 8 (6) 25 (6) 40 (6) Significant results appear in bold (p < 0.05) or in bold and italic (p < 0.001).
the scapular notch and the axillary nerve around the surgical neck of the humerus. As in the study of Andrzejewski et al. (2015) , we observed that one specimen had a very distal piercing of the coracobrachialis by the musculocutaneous nerve, allowing for greater gains in nerve lengths. If humeral shortening is used in clinical practice, preoperative magnetic resonance imaging or sonography of the musculocutaneous nerve could be helpful in identifying this beneficial anatomical variant. When the nerve pierces the muscle close to the coracoid process, which is the usual situation, an intramuscular neurolysis could possibly be helpful, but with the risk of injuring some proximal motor branches. In contrast, the study of Andrzejewski et al. (2015) concluded that the gain of plexus length obtained by a 6 cm humeral shortening was modest, not exceeding a mean of 17 mm. In their study, the plexus appeared quite slack, fixed at the level of the axillary crease, and it seemed that under a modest traction, a further gain of length could be obtained. Thus, their study potentially underestimated the benefits of humeral shortening. Moreover, they did not assess whether the plexus could be sutured after resection of nerve segments to simulate post-traumatic nerve retraction.
Humeral shortening could allow direct nerve suture (or shorten the length of nerve grafts required) for postganglionic lesions affecting the lateral cord and, to a lesser extent, the medial cord. Humeral shortening does not appear to be beneficial when the trauma affects the posterior cord, which is fixed by the axillary nerve. Similarly, humeral shortening could potentially be helpful in suturing lesions affecting the inferior and middle trunks, but not for lesions of the superior trunk, which is relatively fixed by the suprascapular nerve. Our study simulating the effects of humeral shortening in cases of traumatic retractions of the nerve extremities provides practical information for the surgeon. A 2 cm humeral shortening enabled the suture of 70% to 100% of trunks with a simulation of 2 cm nerve retraction. With 6 cm humeral shortening, the inferior trunk could be sutured in 90% of cases in which a 4 cm retraction of the nerve extremities was simulated. However, except in acute situations, in clinical practice the nerve retraction is frequently more than 4 cm (Andrzejewski et al., 2015; Weber and Mackinnon, 2005) .
Moderate (less than 10 cm) brachial shortening, for example after trauma in childhood, is usually well tolerated, and cosmetically almost invisible (Cattaneo et al., 1990) . If marked shortening is required to allow direct nerve suture, progressive lengthening of the humerus after nerve recovery might even be considered. In children, spontaneous stimulation of growth after a shortening osteotomy could possibly partly compensate for the shortness of the arm (Dick and Tietjen, 1978; Hosny, 2005) .
There are several drawbacks to humeral shortening. First, the risk of nonunion is significant (Walker et al., 2011) . The cosmetic appearance of a short arm is probably not a major problem, except when very marked (Cattaneo et al., 1990) . We carried out the shortening osteotomy as proximally as possible to maximize the chances of gain in length of the brachial plexus, but also allowing for strong screw fixation in a non-devascularized humeral head. In brachial plexus lesion palsies, the pectoralis major, teres major and latissimus dorsi muscles are frequently denervated. Their detachments in humeral shortening would have little impact, except in cases with preserved innervation. Humeral shortening could affect the strength of shoulder abduction by shortening the deltoid muscle, if it is still innervated.
Humeral shortening decreases the working length of the biceps and triceps muscles (Nemoto et al., 1996) . As the brachialis is the strongest elbow flexor, humeral osteotomy should be done proximally to its origin, to preserve the function of this muscle as much as possible. Regaining active elbow extension is usually not a priority in brachial plexus reconstruction, but it has been shown that a shortening of 3 cm of the humerus reduces the triceps strength by 63% (Hughes et al., 1997) . In any case, the possible benefits and complications of humeral shortening in brachial plexus surgery deserve to be carefully studied in a prospective clinical series.
One of the limitations of the study was the small number of specimens. But it was crucial to use fresh specimens to preserve the biological properties. Owing to the limited number of specimens, we were unable to estimate how different morphologies affected the gains in length and the possibilities of nerve suture. In fact, even between right and left sides of the same donor, no plexus was the same. For reasons of exposure and for the specimens to be in the same conditions as in the study of Andrzejewski et al. (2015) , the arm was maintained throughout the experiment in 90 abduction. This kept the coracobrachialis under tension, which contributed to fixing the musculocutaneous nerve. A further gain of length could possibly be obtained with the arm in adduction. The magnitude of traction applied on the nerve ends during the assessment of the feasibility of nerve suture was not measured, but was deemed to be acceptable by the senior surgeon. The differences in the elastic and biomechanical properties between thawed cadaveric and in vivo peripheral nerves are unknown.
In conclusion, humeral shortening could allow direct nerve suture, or more frequently shorten the length of the nerve grafts needed, in selected cases of post-ganglionic brachial plexus lesions, particularly those affecting the lateral and medial cords and the inferior and middle trunks, in traumatic lesions in adults and also possibly in obstetrical palsies in children. Humeral shortening exposes the patient to various complications and the indications for this operation should be carefully weighed.
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